Some barriers to DNA lipofection are well characterized; however, there is as yet no method of finding unknown pathways that impact the process. A druggable genome small-interfering RNA (siRNA) screen against 5,520 genes was tested for its effect on lipofection of human aortic endothelial cells (HAECs). We found 130 gene targets which, when silenced by pooled siRNAs (three siRNAs per gene), resulted in enhanced luminescence after lipofection (86 gene targets showed reduced expression). In confirmation tests with single siRNAs, 18 of the 130 hits showed enhanced lipofection with two or more individual siRNAs in the absence of cytotoxicity. Of these confirmed gene targets, we identified five leading candidates, two of which are isoforms of the regulatory subunit of protein phosphatase 2A (PP2A). The best candidate siRNA targeted the PPP2R2C gene and produced a 65% increase in luminescence from lipofection, with a quantitative PCR-validated knockdown of ∼76%. Flow cytometric analysis confirmed that the silencing of the PPP2R2C gene resulted in an improvement of 10% in transfection efficiency, thereby demonstrating an increase in the number of transfected cells. These results show that an RNA interference (RNAi) high-throughput screen (HTS) can be applied to nonviral gene transfer. We have also demonstrated that siRNAs can be co-delivered with lipofected DNA to increase the transfection efficiency in vitro.
IntroductIon
The basic mechanisms required for effective nonviral gene transfer are well established. During lipofection and polyfection, plasmid DNA (pDNA) must undergo endocytosis, escape the endo-lysosomal pathway, avoid nuclease degradation, and successfully traffic across cytoplasmic barriers before finally becoming localized in the nucleus. [1] [2] [3] Although these intracellular and extracellular barriers have been well studied, the transfection efficiency of nonviral vectors is low, especially in comparison with viral vectors, and more so in nondividing cells.
In order to understand mechanistic pathways in biology, RNA interference (RNAi)-mediated gene silencing has been used in combination with high-throughput screening (HTS) techniques. For example, RNAi screens have been used to study cell-cycle regulation and mitotic spindle assembly, 4, 5 and the breadth of knowledge in respect of oncological pathways continues to expand with the application of RNAi HTS. 6, 7 Recent work has involved the application of RNAi HTS to the study of host factors that play an important role in human immunodeficiency virus-1 infection. 8 Each pairing of gene transfer reagent and host cell may have unique proteins that are important or inhibitory to gene transfer. An RNAi HTS is one approach to scan gene pathways in the context of specific pairings of lipofection protocol and cell host. In order to enable a better understanding of nonviral gene transfer, we developed a small-interfering RNA (siRNA) screen targeting 5,520 genes with three pooled siRNAs per gene in adult human aortic endothelial cells (HAECs). After siRNA delivery, the cells were lipofected with a Renilla luciferase plasmid. The separate luminescent signals from lipofection and cell viability were used for quantifying changes in lipofection efficiency. The siRNA pools identified as hits in the primary screen were rescreened as individual siRNAs and confirmed in larger-scale experiments. Interestingly, several of the top gene candidates were found to be cell-cycle-regulatory or involved in human immunodeficiency virus-1 infection. 9 
results

Assay development
In order to study the effect of siRNA-mediated knockdown on nonviral gene transfer, we developed an RNAi HTS assay. The siRNA library targets 5,520 druggable gene targets, with three siRNAs per gene. The three siRNAs for each gene were pooled such that the total siRNA concentration at the time of screening was 30 nmol/l. For screening the library, siRNAs were reverse transfected into HAECs, followed a day later by lipofection of a Renilla luciferase pDNA. One day later, luminescent signals from the Renilla pDNA lipofection and from a separate assay for cell viability were collected for each well; normalized transfection was calculated by dividing the luminescence from lipofection by the luminescence from viability.
In order to test the efficiency of delivery of various siRNA transfection reagents and the pooled siRNA strategy, three siRNAs targeting Renilla luciferase were designed. Along with a scrambled negative control, the Renilla-targeting siRNAs were reverse transfected individually and pooled at total concentrations of 10 and 30 nmol/l under multiple conditions, followed by lipofection of Renilla pDNA and measurement of normalized luminescence (Figure 1) . Reverse transfection of the pooled siRNAs with siPort NeoFX at a mass ratio of 1:3 resulted in silencing of the luminescence from Renilla pDNA by 88% as compared to the negative control. In addition, we optimized the Renilla pDNA dosage so as to arrive at delivery conditions that resulted in maximal Renilla luminescence signal with minimal toxicity (data not shown). This optimized dose was 0.02 μg Renilla luciferase pDNA/0.02 μl Lipofectamine 2000 per well of a 384-well plate.
druggable genome Hts
Using the conditions arrived at as described, we carried out a HTS on the human druggable genome of siRNAs. The normalized transfection signal for each pool of siRNAs was calculated by dividing the luminescence from transfection by the luminescence from viability. The normalized transfection was further corrected for positional biases caused by edge effects, using an adapted median polish technique. [10] [11] [12] [13] A robust Z score was calculated for each of the corrected data points to find siRNA pools causing significant improvements in normalized transfection (ref. 14 and Figure 2 ). Complete screening statistics for the primary screen are available in Supplementary Table S1 . Pooled siRNA knockdowns that resulted in robust Z scores >2 on both replicate plates were identified as positive hits. Those that produced robust Z scores less than −2 on both replicate plates were identified as negative hits (inhibitors of lipofection). According to these criteria, 119 of the 5,520 gene targets qualified as positive hits, while 86 gene targets qualified as negative hits. Screening statistics for positive and negative hits are available in Supplementary Tables S2 and S3, respectively. In order to supplement the list of positive hits, we selected an additional 11 gene targets that resulted in a significant increase in cell number following knockdown.
confirmatory-screening assay
For each of the 130 gene targets corresponding to positive hits in the primary pooled screen, the three siRNAs were plated individually for confirmation. The individual siRNAs were reverse transfected into HAECs at 30 nmol/l using the same screening format as for the primary screen. The confirmatory screening assay was carried out in two independent experiments; the first screen was performed with all 130 primary screen positive hits (three siRNAs per gene) on three independent plates. From this round of screening, we identified 43 gene targets having at least one siRNA that produced an increase in luminescence from lipofection when compared with the negative control. These 43 genes (three siRNAs per gene) were rescreened on four independent plates at 30 nmol/l (a summary of the statistical data is included in Supplementary Table S4 ). The raw luminescence from lipofection for each point was compared against that of the negative control siRNA, and 18 of the genes were found to have at least two siRNAs that resulted in a significant change in transfection ( Table 1) . Of the 43 genes rescreened, 33 genes had at least one siRNA with a significant improvement in gene transfer. We selected 5 of the 33 confirmed gene targets as lead candidates to improve nonviral gene transfer: PPP2R3A, PPP2R2C, GSK3β, Two commercial transfection reagents, siPort NeoFX and RNAiFect, were used for reverse transfection. After siRNA reverse transfection and the subsequent lipofection of a Renilla luciferase plasmid DNA, luminescence from transfection and from viability were measured in each well, and from these data normalized luminescence was calculated. Each bar represents the mean-normalized luminescence, and the error bars represent 1 SD (n = 32). Significant changes with respect to the negative control (Neg) were determined using the Mann-Whitney U-test (*P ≤ 0.0001). Ren, Renilla-targeted control; RLU, relative light unit; RNAi, RNA interference. PRSS23, and LCAT. Figure 3 displays the confirmatory screen results for the lead candidate gene targets in comparison with the scrambled negative control and the Renilla-targeting control. The Renilla-targeting control demonstrates that siRNA delivery in the confirmatory screen is effective, because the luminescence is silenced by 46% as compared to the scrambled negative control. Gene silencing of each of the lead candidate gene targets produced enhancements in lipofection with at least one siRNA. Notably, in these confirmatory experiments, the number of cells determined by the luminescence from viability increased by 7-22% following PPP2R3A and PPP2R2C knockdown in all the siRNAs used.
secondary screening assay
In order to test the effects of siRNA-mediated knockdown on the five lead gene targets in a larger-scale experiment, siRNAs were reverse transfected into HAECs in 96-well plates at 10 and 30 nmol/l. For each of the gene targets, we reverse transfected the three siRNAs targeting each gene in addition to the scrambled negative control. One day after siRNA reverse transfection, the cells were lipofected with 
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the Renilla luciferase pDNA and Lipofectamine 2000 using scaled conditions from the 384-well experiments. One day after pDNA lipofection, luminescence from Renilla luciferase (Figure 4a ) and viability ( Figure 4b) were measured for each well and averaged across the middle four wells for each condition. The 96-well plate experiment was repeated on another day with replicates of four. The percentage of enhancement of normalized transfection relative to the negative control was calculated for each of the lead siRNAs, and the average from the two independent experiments was calculated. Six of the tested siRNAs resulted in enhanced nonviral transfection at the 96-well plate scale ( Table 2) .
GFP plasmid transfection and qrt-Pcr
An investigation of the effectiveness of the six leading candidate siRNAs showed that silencing of the PPP2R2C and PRSS23 genes demonstrated the largest potential for improving nonviral gene transfer. For validating the results of the luminescence assay, the siRNAs that were found to be most effective in targeting PPP2R2C and PRSS23 were co-transfected with a green fluorescent protein (GFP) pDNA using Lipofectamine 2000. Fluorescence microscopy and flow cytometry analyses were performed one day after co-transfection ( Figure 5) . When an siRNA-targeting GFPwas co-delivered with GFP pDNA, the number of GFP-positive cells was reduced by about 27% relative to the nil-siRNA control. This finding demonstrates that the siRNA and pDNA were indeed effectively co-delivered. The number of cells successfully transfected with siRNA in the presence of PPP2R2C knockdown was 10% more than with the nil-siRNA control. By knocking down PRSS23 using siRNA 19286, the number of transfected cells increased by 8% (Figure 6 ). 
dIscussIon
RNAi HTS can be used in diverse biological applications to understand the significance of gene pathways in parallel and to find proteins that are important to the process. RNAi libraries can target large portions of a human or mouse genome; the druggable genome siRNA library corresponds to gene targets that can ultimately be targeted with small-molecule therapies. For finding gene pathways that affect nonviral gene transfer, we developed an RNAi HTS strategy to screen the human druggable genome of siRNAs. We applied the HTS assay to confluent HAECs because nonviral vector transfection efficiencies are typically low, especially in comparison with those of viral vectors. As a model transfection reagent we used Lipofectamine 2000, a commercially available nonviral lipofection reagent, to deliver a reporter pDNA. After delivery of pooled siRNAs and Renilla pDNA, gene knockdowns that enhanced nonviral gene transfer were identified as potentially rate-limiting (positive hits), and gene knockdowns that reduced nonviral gene transfer were identified as proteins potentially required for nonviral gene transfer (negative hits). After the primary screen of 5,520 druggable gene targets, ∼2% of the gene targets were identified as positive hits while ∼1.5% of the gene targets were identified as negative hit targets. The pooled siRNAs corresponding to the positive hit targets were subjected to confirmation and validation studies to find which of the individual siRNAs resulted in significant improvements in Lipofectamine 2000 gene transfer. After two rounds of confirmatory screening experiments, 33 genes were confirmed to enhance gene transfer upon silencing with one or more siRNAs, whereas 18 genes were confirmed to enhance gene transfer upon silencing with two or more siRNAs.
In order to confirm that these enhancements in gene transfer could be scaled to a larger format, we carried out the screening experiment in 96-well plates with the same Renilla luciferase pDNA and in 24-well plates with a GFP pDNA. We found that two siRNAs targeting the genes PPP2R3A, PPP2R2C, and PRSS23 resulted in an average of 10-65% improvement in luminescence from transfection in 96-well plates. Two of these candidate gene targets, PPP2R3A
and PPP2R2C, are different isoforms of the protein phosphatase 2A (PP2A) regulatory subunit. PP2A is known to mediate cell-cycle regulation through the M-phase-promoting factor, which regulates the G2/M transition. 15 The B regulatory subunit family of PP2A contains multiple subfamilies with multiple isoforms for each protein, each providing similar but unique regulation of PP2A activity. When siRNA 104939, targeting PPP2R2C, was co-transfected with GFP pDNA, flow cytometric analysis revealed an increase of 10% in the number of cells transfected, relative to the nil-siRNA control. Likewise, when an siRNA targeting an unrelated gene, PRSS23, was co-transfected with GFP pDNA, flow cytometric analysis revealed an 8% increase in the number of cells transfected. These findings show that the nearly twofold increases in luminescence in 96-well plates can be attributed to a greater number of cells being successfully transfected.
The finding that PPP2R2C targeting can enhance nonviral gene transfer is significant in the light of the known mechanisms of several viruses. Viral proteins such as human immunodeficiency virus-1 Viral Protein R, SV40 small t antigen, and others target subunits within the PP2A complex to aid in viral transduction. 9 Human immunodeficiency virus-1 Viral Protein R is known to interact with PP2A, and in fission yeast Viral Protein R was shown to interact specifically with the regulatory B subunits in a manner similar to the findings in this study, locking the cell population in G2/M, a susceptible state for infection.
16 SV40 targets the PP2A-A subunit and induces proliferation, which in turn enhances the transduction efficiency of the virus. 17 Both of these mechanisms take advantage of the natural mitotic breakdown of the nuclear envelope to shuttle the virus into the nucleus of the target cell. In this study, cell viability data show that silencing of the genes, PPP2R3A and PPP2R2C by multiple siRNAs results in cell number increases, thereby suggesting an increase in proliferation. These findings serve as preliminary evidence that the knockdown of PPP2R3A and PPP2R2C generates proliferation similar to that produced by several viruses. Despite these findings, further studies of cell-cycle mechanism are warranted in order to fully understand the role that RNAi gene silencing can play in cell-cycle regulation, and the potential applications to lipofection.
Previous work has identified the significance of the nuclear envelope as a transport barrier in gene transfer experiments. 18 For example, when a nonclassical nuclear-localization signal was used for assisting lipofection, the transfection was enhanced 100-fold in embryo-derived retinal ganglion cells. 19 Reports have also shown that even a high pDNA copy number (∼10 4 - 10 5 ) surrounding the nucleus following a typical lipofection, is not a sufficient condition to produce a successful transfection event. 20 These previous reports suggest that the nuclear barrier is a significant barrier to successful transfection in confluent or nondividing cells, and that manipulation of the nuclear envelope would produce a successful transfection, such as during cell division. A report by Ludtke et al. suggested that the increase in transfection efficiency caused by cell division may be limited to twofold in certain cell types. 21 Our results are comparable to those of Ludtke et al., with a 75% increase in raw luminescence (data not shown) and a 10% increase in the number of transfected cells after PPP2R2C knockdown. However, many genes contribute to cell-cycle regulation and there may be a locus of cell-cycle regulatory gene targets that can ultimately lead to a larger enhancement in nonviral gene transfer, perhaps through similar siRNA or small-molecule inhibition. The limited enhancement observed here could also be a direct result of the use of Lipofectamine 2000 as the gene transfer reagent. Lipofectamine 2000 is known to be relatively efficient (albeit toxic), and other inefficient nonviral reagents may realize larger gains in transfection enhancement after PPP2R2C silencing. The nuclear barrier is just one of many barriers that must be overcome, and appropriate mechanisms need to be incorporated into the vector design. For example, endosome escape is enhanced through the incorporation of neutral helper lipids in nonviral cationic-lipid gene transfer vectors. 22 Further research will reveal the best target to enhance gene transfer through cell cycle regulation; the siRNA(s) or small molecule inhibitor(s) targeting the requisite gene(s) or protein(s) could be paired with current nonviral delivery vectors to produce a delivery vehicle with pseudoviral vector properties.
In this study, we deployed siRNA screening to study nonviral gene transfer in HAECs. This technique can be easily adapted to other cell types and gene transfer techniques, and can point out the appropriate direction for researchers to follow in order to improve efficacy. In our system, we found that several cellcycle-regulatory genes could be targeted for an enhancement in gene transfer; however screens with different systems may reveal different barriers worth targeting. This work demonstrates not only the utility of RNAi and its applications to nonviral gene transfer mechanisms, but also the potential for coupling siRNA and DNA in delivery vehicles for enhanced gene transfer efficiency.
MAterIAls And MetHods
Cell culture. HAECs were maintained in culture at 37 °C and 5% CO 2 with EGM-2 endothelial media bullet kits (Cambrex Bio Science, Walkersville, MD). For transfections and RNA harvesting, cells were rinsed with Dulbecco's phosphate buffered saline and incubated with 0.05% Trypsin-EDTA (Gibco, Grand Island, NY).
Druggable genome library. The Silencer Human Druggable Genome library consisted of 5,520 gene targets, with three siRNAs per gene (Ambion, Austin, TX). The library was provided lyophilized at 0.25 nmol in 384-well plates, with the two right-hand columns left empty for controls. Each well was resuspended to a final concentration of 3,125 nmol/l and diluted to a concentration of 330 nmol/l using sterile nuclease-free water. The three wells with siRNAs corresponding to the same gene were combined in a pooled master in equal parts. The pooled master was then used to create assay plates containing pooled siRNAs. The final concentration of the pooled siRNAs in each assay well was 330 nmol/l in a volume of 2 μl. The well plates containing siRNAs were kept frozen at −80 °C until the screening day. For confirmatory screening experiments, individual siRNAs were cherry-picked from designated plates and plated at either 10 or 30 nmol/l, in the middle wells of a 384-well plate. For 96-well screening experiments, the siRNAs were ordered individually, resuspended in nuclease-free water, and preplated in a total volume of 4 μl. . After 20 minutes of incubation, 10 μl of the pDNA mixture was added to the assay plates, which were covered again with Breathe-Easy films and plastic lids, and placed in a cell culture incubator. One day after the pDNA lipofection, the cells were assessed for changes in luminescence. For measuring the luminescence from Renilla luciferase, EnduRen Live Cell Substrate (Promega) was mixed with full growth medium, and 10 μl was added to the each well at a final concentration of 20 μmol/l. The plates were allowed to incubate under cell culture conditions for 1.5 hours, and then tested for luminescence using an EnVision Multilabel Plate Reader (Perkin Elmer, Wellesley, MA). After analyzing for luminescence from lipofection, Cell-Titer Glo Luminescent Cell Viability Assay (Promega) was added in equal volume to each well. The plates were incubated at room temperature for ∼30 minutes, and then subjected to a luminescence reading. The luminescent signal from CellTiter Glo is directly proportional to the adenosine triphosphate in each well, and is therefore a measure of the number of viable cells in the well.
HTS data analysis.
After completing the HTS assay, the normalized transfection signal was calculated by dividing the luminescence from lipofection by the luminescence from viability. A median polish technique was used to correct for systematic row and column biases caused by edge evaporation. [11] [12] [13] The robust Z score was calculated for each point based on the interquartile range (IQR) and median (Med) of the set of screened data:
where c is a constant of value 0.7413, so that the denominator is equivalent to 1 SD in a normal distribution, and X obs is the normalized luminescence of the current observation. Quantitative real-time PCR. After siRNA treatment, total RNA was isolated from each well using the Absolutely RNA microprep kit (Stratagene, La Jolla, CA). RNA was reverse transcribed using Superscript III reverse transcriptase and oligo(dT) (Invitrogen, Carlsbad, CA), and complementary DNA was purified using Qiagen's PCR purification kit (Valencia, CA).
Complementary DNA from untreated samples was used for optimizing PCR conditions, with primers targeting the gene of interest. For the gene PPP2R2C, the forward primer was CATGTTCGATCGGAACACCAAGC and the reverse primer was CAGCTGTCCTCATCAGTGCTGTG. 23 In order to normalize the PPP2R2C gene, we used human ubiquitin as a housekeeping gene with forward primer GAGGTGGAGCCCAGTGACA and reverse primer ATGTTGTAGTCAGAAAGAGTGCGG. A standard curve was created using the untreated controls and the optimized PCR conditions for each set of primers on a Roche LightCycler (Indianapolis, IN). Quantitative real-time PCR was performed using the LightCycler FastStart DNA MasterPLUS SYBR Green I kit with melting curve analysis provided by the LightCycler software.
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